Background. Although the T-cell subset differentiation pathway has been characterized extensively from the view of host gene regulation, the effects of genes of the pathogen on T-cell subset differentiation during infection have yet to be elucidated. Especially, the bacterial genes that are responsible for this shift have not yet been determined.
ent cytokine profiles have been described, but the 2 originally described and best understood are an interferon (IFN)-γ-producing Th1 subset and an interleukin (IL)-4-producing Th2 subset [1] [2] [3] [4] [5] . Differentiation of naive T cells into a particular subset is controlled by cytokines produced by innate immune cells during the early phase of the immune response [6] [7] [8] . Bacterial infection may induce a shift of the Th1/Th2 cell balance, leading to a Th1-dominant status. This, in turn, results in the suppression of Th2 induction. The shift to Th1-dominant status facilitates the eradication of the bacteria. In addition to these 2 subsets, it is recently demonstrated that Th17 cell subset is induced in bacteria infection [9] . Although T-cell subset differentiation pathways have been extensively characterized from the view of host gene regulation, the effects of genes of the pathogen on T-cell subset differentiation during infection have yet to be elucidated [1-3, 6, 7, 10-13] .
The Listeria monocytogenes (Lm) infection begins with the internalization of the bacteria using the surface protein internalin (InlA) and InlB, and the organism then resides within the phagosome before lysing the membrane. Within a half hour, Lm lyses the vacuolar membrane, a process mediated by listeriolysin O (LLO). After escape into the cytosol, the bacteria replicate and disseminate directly from cell to cell [14] . During the Listeria infection, dendritic cells (DCs) play an important role for establishment of infection and modulation of T-cell responses [15] [16] [17] [18] [19] [20] [21] . The first step of T-cell subsets induction during Listeria infection involves the modulation of the function of antigen-presenting cells (APCs, such as DCs) and is antigen-independent and antigen-nonspecific [22] . This step affects the precursor frequency of Th1 and Th2 T cells. Though this first step does not involve activation through the T-cell receptor (TCR), it influences expression of GATA binding protein 3 (GATA-3) and T-bet genes, which regulate Th1/Th2 subset differentiation [22] [23] [24] [25] [26] [27] . Thus, T cells are committed to the Th1 pathway before they encounter nominal antigen during infection of even a single species of pathogen. In addition, these findings suggest that the interaction between pathogen and host cells provides a signal that initiates T-cell subset differentiation.
In the present study, we investigated Listeria genes, which are involved in the host-pathogen interaction and are required for the initiation of T-cell subset differentiation in the early phase of infection. We identified several candidate Listeria genes that might be involved in the host-Listeria interaction. Among those genes, arpJ, which is downstream of the sigL sigma factor, is the strongest candidate gene for inhibiting Th2 subset induction. The arpJ gene product influences the expression of tumor necrosis factor (TN) superfamily (Tnfsf )/TNF receptor superfamily (Tnfrsf ) on APCs and inhibits the Th2 subset differentiation during Listeria infection.
MATERIALS AND METHODS

Cytokines and Reagents
Antibodies specific for murine Tnfsf4, Tnfsf7, and Tnfsf8 were purchased from BioLegend, San Diego, California [28, 29] . Antibodies specific for murine Tnfsf9 and Tnfsf11 were a kind gift from Dr. K. Okumura, Juntendo University, Tokyo, Japan [30, 31] . Anti-CD3 mAb was purified from an ascites of 2C11 cells. Anti-CD28 mAb (PV-1) [32] was a kind gift from Dr. R. Abe, Tokyo University of Science, Noda, Japan. Mice DO11.10 ovalbumin (OVA)-peptide-specific TCR-Tg mice were developed by Dr. D. Loh [33] . The TCR-Tg mice were crossed to BALB/c mice for more than 10 generations. Mice were reared under specific pathogen-free conditions in the animal facility of the Ehime University Graduate School of Medicine. BALB/c mice were purchased from Charles River Japan Inc, Yokohama, Japan. All mice were used in accordance with the institutional guides for animal experimentation.
Bacteria
Listeria monocytogenes (EGD and LO28 strains) and L. innocua were used [34, 35] . The production of inl, actA, and hly mutant Lm was described previously [36] . The Lm mutant bank was generated by either insertion of transposon917 (Tn917) or tsplasmid, and the methods have been reported previously [37, 38] . For in vivo infection experiments, 2×10 3 bacteria were inoculated intraperitoneally [22] .
In Vitro Infection With Lm
APCs were prepared from spleen cells by depleting of T cells followed by 30 gray (Gy) X-irradiation [39] . For in vitro infection of APCs, the T-cell-depleted spleen cells were infected with Lm at a multiplicity of infection (MOI) of 3 for 1 hour followed by X-irradiation at 30 Gy [22] . Lm present in medium and cytoplasm was killed by addition of antibiotics (100 U/mL penicillin and 100 µg/mL streptomycin) to the culture.
In Vitro Stimulation of T Cells and Spleen Cells
T cells of TCR-Tg mice were prepared as described [39] , and 2 × 10 5 T cells were mixed with 2 × 10 6 T-cell-depleted syngeneic
APCs that had been infected or not with Lm followed by stimulation in vitro with 1 µM specific OVA peptides [22] . After 5 days of cultivation, cells were restimulated with 2 × 10 6 APCs and OVA peptide for 2 days. In certain experiments, spleen cells were stimulated with anti-CD3 mAb plus anti-CD28 mAb for 1 day.
Cytokine Enzyme-Linked Immunosorbent Assay
The amount of IFN-γ and IL-4 in the culture supernatant was detected by enzyme-linked immunosorbent assay (ELISA) [15, 16] .
Preparation of Bone Marrow-Derived Dendritic Cells
Bone marrow cells were cultured in vitro in the presence of GM-CSF (100 U/mL) and IL-4 (1 ng/mL) for 7 days. The cultured population expressed CD11b + 11c + (80.1%) and CD11b + 11c − (10.9%) and was used as bone marrow-derived dendritic cells (BMDCs).
Construction of Shuttle Vector
A shuttle vector that functions in Escherichia coli and Listeria was constructed as described in Supplementary Figure 1 . This vector was used for the transduction of Listeria genes that were functionally deleted in mutant Listeria clones. The deletion of the gene was confirmed by polymerase chain reaction (PCR).
Statistical Analysis
The unpaired t test was used for statistical analyses.
RESULTS
Genes in the Pathogenicity Island-1 of L. monocytogenes Are Not Essentially Required for Inducing the Th1 Response During Infection
Listeria enters into cells and grows in the cytoplasm. It was expected that genes involved in pathogenicity of Lm might also be required for induction of the shift to a Th1-dominant responses in the infected host. To examine this possibility, we first used a strain L. innocua, which has a defect in genes of Listeria pathogenicity island-1 (LIPI-1) and is unable to invade the cytosol of the host cell ( Figure 1A ) [40, 41] . The test system we used is based on the observation that Lm infection influences the function of the infected host APCs to induce the shift of T-cell subset [22] . APCs of BALB/c origin were in vitro infected with the indicated strain of Listeria and then cocultured with uninfected OVA-TCR-Tg T cells in the presence of OVA peptide. As expected, wild-type (WT) Lm induced a Th1-dominant response ( Figure 1B ), but the same outcome was also observed with L. innocua, indicating that the genes in the pathogenicity island of Lm are not essential for this process. Although L. innocua contains more than 100 genes different from L. monocytogenes [42] , these results indicate that invasion of Listeria into the cytosol is not essential for inducing Th1 responses. This point was further confirmed by using mutant strains of Lm that lack individual pathogenesis genes, inlA and inlB, hly or actA (Figure 1C) . The results shown in Figure 1C are consistent with those in Figure 1B .
Tn917 Mutants and ts Mutants of Listeria Affect T-Cell Subsets Differentiation Using Distinct Genes
To further investigate the gene(s) of Listeria that are responsible for inducing immune deviation in the infected host, we used a Tn917-mutant panel and a ts-mutant panel [37, 38] . the gene mutated in Lm (Tn#99) is responsible for inducing the suppression of IL-4 production, the gene was deleted from WT Lm by homologous recombination (Δlmo1030 Lm). Infection of APCs with the Δlmo1030 Lm resulted in a similar pattern of response by DO11.10 TCR-Tg T cells as the infection with the original Tn917-mutant Lm (Tn#99). The response pattern was converted to that of wild type when the wild-type version of lmo1030, which is defective in Tn#99, was cloned by PCR and introduced into the mutant as an expression plasmid using the pBC(dGFP) vector (Δlmo1030 Lm with plasmid lmo1030) (Figures 2C and Supplementary Figure 1) . The result demonstrates that the lmo1030 gene is responsible for inducing the suppression of IL-4 production by the host T cells.
The Isolated Mutant Clones Affect APC Function and Modulate T-Cell Responses In Vivo
The activity pattern of some of these mutant clones was also confirmed by in vivo infection studies, and representative results are shown in Figure 3A . Δlmo0989 Lm, Δlmo0343 Lm, Δlmo1030 Lm, and ΔsigL Lm are mutants made by homologous recombination and correspond to Lm (Tn#360), Lm (Tn#97), Lm (Tn#99), and Lm (Tn#402), respectively. In vivo infection of APCs with WT Lm induced the expected increased Th1 response and reduced the Th2 response, while infection with Δlmo0989 Lm failed to induce the Th1 response (Figure 3Aa ). In contrast, infection with Δlmo0343 Lm, Δlmo1030 Lm, and ΔsigL Lm failed to suppress Th2 response (Figure 3Ab ).
It is recognized that the incidence of allergic diseases increased when the environment became cleaner. This is consistent with the observation that Listeria infection induces Th1 and suppressed Th2 differentiation. Because we are interested in the relationship between microbial infection and incidence of allergic disorders, we focused on the Group 2 mutants in the further study. Among Group 2 mutant, 1 of the identified affected genes is sigL, an RNA polymerase sigma-54 factor. Sigma factors are involved in transcription initiation and promote binding of RNA polymerase to specific gene promoters. As such, mutation of the sigL gene causes changes in expression of many genes, including 5 downregulated amino acid metabolism-related genes [43, 44] . One of those genes is arpJ, which encodes a permease protein of the amino acid ABC transporter (Table 1) . We tested the T-cell subset shift using arpJ-deficient (▵arpJ) Lm [44] (Figure 3A, panel c) . Infection of APCs with ▵arpJ Lm in vivo induced IFN-γ-production comparable to that of WT Lm but did not suppress IL-4-production. The effect of ▵arpJ Lm on the T-cell subset shift is similar to that of ΔsigL Lm.
To determine whether the mutant Lm actually functions to induce the Th subset shift in vivo, we further evaluated the Th subset balance in Lm-infected mice. As shown in Figure 3B-E, Group 2 mutants including ▵arpJ Lm function to modulate the host immune response by inducing the subset shift to Th1 without affecting the Th2 response. Therefore, these mutants Lm are effectively functioning in vivo. C, Deletion Lm mutants were prepared by homologous recombination and were used as a source of Lm (▵lmo1030). A plasmid containing the targeted gene was reintroduced in the mutant (▵lmo1030 + plasmid lmo1030). Data are shown as the mean value ± standard error of the mean (SEM) of wells evaluated in quadruplicate and are representative of 3 independent experiments. Statistical significance was calculated using Student t test. (ns, P > .2, ***P < .001).
Most of the genes identified in our study are related to Lm intermediary metabolism; thus, altered cytoplasmic growth rate could be one explanation for the subset shift. However, the data with ▵aroA and ▵hpt (Supplementary Figure 2 and Table 1 ) suggested that neither growth nor growth rate of Listeria in the cytoplasm are major factors in inducing the host T-cell subset shift.
It is reported that Th17 cell subset is induced in Listeria infection [9] . Therefore, we evaluated whether the Th17 cell subset is induced in the present experimental setting (Supplemenary Figure 3 ). Two cytokines, IL-6 and TGF-β1, are required for the activation of Th17-specific transcription factor, RORγt, and the induced Th17 cells produce IL-17A upon activation [45] . From this point, as shown in the supplementary figure (Supplementary Figure 3) , we failed to detect the induction of Th17 cells in the present study.
The Tnfsf9-Tnfrsf9 Interaction is Involved in Lm-Infected Th1/Th2 Subset Shift
Bacterial infection influences the nature of APCs to induce T-cell subset shift [22] , resulting in altered T-cell responses. The above data suggest that the interaction between infected DC/macrophages and the intracellular Listeria may influence and change APC function in inducing T-cell responses, resulting in the shift in the Th1/Th2 balance. We therefore sought to identify genes that are differentially regulated in WT Lm versus ▵arpJ Lm infected BMDCs using DNA chip technology.
GM-CSF plus IL-4-induced BMDCs were infected with Lm for 1 hour at an MOI of 3 and then cultured in media with antibiotics. Four hours after Lm infection, RNA was prepared. We screened for genes whose expression is low in ▵arpJ Lm-infected BMDCs compared to WT Lm-infected BMDCs and identified 50 genes that fit this criterion. Based on subsequent reversetranscriptase PCR analysis, we focused on 22 of these genes, first confirming their differential expression by semiquantitative PCR. Among those genes, we focused on the Tnfsf/Tnfrsf genes in the following experiments because of their known costimulatory function in T-cell responses [46, 47] .
The expression of multiple Tnfsf/Tnfrsf genes by BMDCs is increased after WT Lm infection ( Figure 4A ). Expression of many of the same genes is increased after ▵arpJ Lm infection with the notable exception of Tnfsf7, Tnfsf11, and Tnfrsf9, which are lower than WT. These changes were further confirmed by a semiquantitative assay using titrated amount of the template shown in Figure 4B . The gene expression level of Tnfsf7, Tnfsf9, Tnfrsf9, and Tnfsf11 of ▵arpJ Lm-infected BMDCs was lower than that of WT Lm-infected BMDCs (Figure 4B) . Because ▵arpJ Lm failed to inhibit IL-4 production by Th2 cells (Figure 3) , these results suggest that Tnfsf7-Tnfrsf7 (CD27L-CD27), Tnfsf9-Tnfrsf9 (4-1BBL-4-1BB), and Tnfsf11-Tnfrsf11 (RANKL -RANK) interactions may be involved in the inhibition of IL-4 production during Lm infection.
Because Th-cell subsets differentiate in the physiologic condition without antigenic stimulation under the influence of APCs [19] [20] [21] [22] , we thought that the molecules expressed or secreted by APCs might affect on the subset balance. The analysis revealed that the expression level of Tnfsf/Tnfrsf gene of BMDCs was not uniform ( Figure 4C ). This result suggested that Tnfsf-Tnfrsf interaction might influence on the Th-cell subset differentiation even in noninfectious condition.
Based on these observations, we next tested whether the Tnfsf-Tnfrsf interaction influences on the Th1 and Th2 subsets in noninfectious conditions. Antibodies specific for Tnfsf7 and Tnfsf11 did not affect Th1/Th2 subsets in this experiment. However, a Tnfsf9-specific antibody enhanced IL-4 production by the OVA-specific TCR-Tg spleen cells, suggesting that the interaction of Tnfsf9-Tnfrsf9 inhibits Th2 induction during antigen-specific immune responses ( Figure 5A ). IL-4 production of anti-Tnfsf9-treated group is significantly higher than that of the other treated groups (P < .001). Lm-infected APCs elicited the low IL-4 production and high IFN-γ production, confirming that the induction of the shift to a Th1-dominant response is mediated by infected APCs (infected control). This pattern was reverted by the addition of the Tnfsf9-specific antibody, indicating that the Tnfsf9-Tnfrsf9 interaction inhibits the Th2 subset during Lm infection ( Figure 5B ).
DISCUSSION
Bacteria infections induce a shift in the T-cell subset balance toward Th1 cell dominance. This shift accelerates the eradication of the bacteria. However, the mechanisms involved in this shift have yet to be clarified (ie, what pathogen genes are involved and what cellular genes are responding to the pathogens). In the present study, we focused on Listeria genes that are required for the induction of Th subset shift during the infection. We first demonstrated that genes directly involved in Lm pathogenesis are not required for the induction of Th-cell subset differentiation, and that growth/growth rate of the organism in the cytosol also have no significant influence. In addition, using mutant Listeria panels, we demonstrated that distinct Lm genes independently regulate the induction of Th1 and Th2 subsets. Several candidate Lm genes were identified in the present study.
Infection with Lm changes the nature of the APCs and this influences T-cell subset differentiation [19] [20] [21] [22] . L. innocua, which lacks the hly gene, can still induce a Th1 response, suggesting that neither invasion of Listeria into the cytosol nor its replication are essential for inducing the Th1 responses. On the other hand, as we previously reported, heat-killed Listeria do not induce Th1 T cells; live organisms are required for inducing the Th1 subset [48] . These observations suggest that an interaction of live Listeria and the host cell is essential and that the interaction may take place in phagosomes, because L. innocua cannot get out of the phagosome. Although L. innocua affects APCs function in an in vitro infection, it fails to induce immune deviation during an in vivo infection due to its inability to disseminate from the initially infected APCs to other APCs [49] (Kanoh, unpublished observation). However, the molecule(s) that interact with Lm are not yet known.
The genes involved in Lm pathogenicity are not required for the induction of a shift to Th1-dominant responses in the infected host (Figure 1 ). Therefore, we used a Tn917-mutant panel and a ts-mutant panel [37, 38] to further investigate the genes of Listeria that are responsible for inducing immune deviation. We identified 2 different groups that showed distinct patterns of response from that of WT Lm (Figure 2A ). It has been thought that the Th1 and Th2 T cells inhibit each other's helper function (ie, the induction of Th1 cells inhibits Th2 cells and vice versa). However, the results of Figure 2 indicate that the 2 subsets T cells are regulated independently, and that different genes are involved in the induction of IFN-γ-producing Th1 cells and in the suppression of IL-4-producing Th2 cells during Lm infection. Although the most of the identified genes are related to intermediary metabolism of Lm, the growth rate of Listeria in the cytoplasm is not a major factor inducing host T-cell responses, consistent with the results using L. innocua. The observations utilized mutant Lm strongly suggest that lmo0343, lmo1030, sigL, and arpJ genes are all involved in the inhibition of the Th2 subset shift, although the relationship among these genes remains to be clarified. In the present study, we mainly focused on changes in Th2 subset differentiation by comparing WT Lm and arpJ gene-deficient Lm (▵arpJ Lm). Although WT Lm infection induces the activation of many genes in APCs, ▵arpJ infection fails to activate some of them. Among those genes, we were especially interested in the Tnfsf/Tnfrsf members, because they function as costimulatory molecules for T-cell responses [46, 48] . The antibody neutralization experiments indicate that the Tnfsf9-Tnfrsf9 interaction inhibits the Th2 response without affecting Th1 responses. The result suggests that the Tnfsf9-Tnfrsf9 interaction may play an important role to regulate the Th1/Th2 balance in the physiologic condition. Lm infection upregulates Tnfsf9/Tnfrsf9 expression of DCs and inhibits Th2 differentiation. As shown in Figure 4A and 4B, the gene expression of Tnfsf9/Tnfrsf9 in ▵arpJ-infected BMDCs was lower than that of WT-infected BMDCs. This observation is consistent with the finding that infection with arpJ gene-deficient Lm induces the increased Th1 response without decreasing the Th2 response (Group 2 in Figure 2A) . Thus, during WT Listeria infection, the arpJ gene product functions to upregulate Tnfsf9/Tnfrsf9 molecule 6 T-cell-depleted BALB/c splenic antigen-presenting cells (APCs) and 1.0 µM ovalbumin (OVA) peptide. The indicated antibody was added to the culture at a concentration of 5 µg/mL. After 5 days of cultivation, the cultures were harvested, washed, restimulated with anti-CD3 + anti-CD28 for 1 day, and cytokines were subsequently detected. B, T-depleted BALB/c splenic APCs were pulsed with 20 µM OVA peptide for 3 hours. During the last 1 hour, the APCs were infected with LO28 at an multiplicity of infection (MOI) of 3.0. After 1 hour infection, the APCs were washed, antibiotics were added, 30 gray (Gy) X-irradiated, and 2 × 10 6 of the cells were used as antigen-pulsed, Listeria monocytogenes (Lm)-infected APCs to stimulate 2 × 10 5 DO11.10 splenic T cells in the presence of the indicated antibodies. After 5 days of cultivation, the cultures were harvested, washed, restimulated with anti-CD3 plus anti-CD28 for 1 day, and cytokines were subsequently detected. Th1 and Th2 group represent the control cultures under Th1-and Th2-inducing conditions, respectively. Ratio represents a relative ratio of the amount of interleukin-4 (IL-4) produced by the culture / the amount of interferon-γ (IFN-γ) produced by the culture. Data are shown as the mean value ± standard error of the mean (SEM) of wells evaluated in quadruplicate and are representative of 3 independent experiments. (IL-4 production of Tnfsf9 group vs Tnfsf4, 7, 8, and 11 groups; P < .001.) Figure 4 continued. Lm-infected BMDCs are presented. B, Expression of the indicated genes was evaluated by semiquantitative PCR using titrated amounts of template. Two-fold diluted reverse-transcriptase (RT)-product of the sample was used as a template for PCR to determine the relative amount of the messenger RNA expressed. The expression level was calculated as a relative amount using that of β-actin as a control. Open circle, uninfected control; closed square, WT Lm-infected; closed circle, Lm (▵arpJ)-infected. C, Tnfsf/tumor necrosis factor receptor superfamily (Tnfrsf ) gene expression level of the indicated gene was determined by quantitative PCR. The relative expression of the indicated gene was obtained from 3 independent experiments. Data are shown as the mean value ± standard error of the mean (SEM). Abbreviation: TNF, tumor necrosis factor. expression followed by the inhibition of Th2 cell subset differentiation. This is the first demonstration that a mutation in a single Listeria gene can have profound effects on the T-cell response in the infected host.
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